Abstract The identification of pore fluid type, saturation and distribution pattern within the pore space is of great significance as several seismic and petrophysical properties of porous rocks vary largely by fluid type, saturation and fluid distribution pattern. With the help of rock physics modeling, the impact of fluid saturation as well as fluid distribution pattern on seismic velocities, acoustic impedances and seismic amplitudes is estimated on porous rock of early Cretaceous Mississauga sands. For this purpose two saturation patterns: uniform and patchy saturations are considered within the pore spaces. The primary goal of this study is to understand the vertical and horizontal trends of numerous seismic parameters such as P-wave velocity (V P ), S-wave velocity (V S ), their impedances, V P /V S ratio, bulk density (q b ), seismic reflectivity etc. as a function of fluid saturation, saturation pattern (patchy or homogeneous), porosity (/) and clay content. The results reveal that the seismic parameters and offset dependent amplitudes are very sensitive to pore fluid saturation and distribution patterns and physical properties. As the hydrocarbons (oil/gas) saturation increases, the compressional wave velocity decreases. P-wave velocity is 20-40 % higher in case of patchy saturation than of homogeneous saturation. Similarly, reservoir porosity and clay matrix control the elastic response of porous rock due to which seismic velocities decrease with increase in porosity and clay content.
, pore aspect ratio (Wang 2000) , pore shape (Kuster and Toksoz 1974) , overburden pressure (Korneev and Glubokovskikh 2013) , pore fluid type (Ahmed et al. 2014; Khalid and Ghazi 2013) , fluid saturation (Khalid et al. 2014a ) and fluid distribution pattern within the pore space (Dvorkin et al. 1999) . For porous rock saturated with two phase fluids, one is liquid (oil, water or brine) and other is gas, two saturation patterns within in the pore space: uniform and patchy are considered. Saturation pattern of two-phase fluid has a substantial effect on seismic wave propagation as well as on seismic properties of the porous rock (Toms et al. 2007 ). Seismic properties of porous rocks are different for uniform saturation and patchy saturation.
In quantitative seismic, the effect of partial saturation on seismic parameters has taken lot of attention Knight et al. 1998; Mavko and Mukerji 1998; Dvorkin et al. 1999; Toms et al. 2007; Khalid and Ghazi 2013; Khalid et al. 2014a) . All these studies have a following common argument. When low frequency (1-10 2 Hz) seismic waves propagate through partially-saturated porous media, there is enough time to re-equilibrate wave induced pore pressure. Thus, in this quasi-static limit, the fluid saturation may be considered as homogeneous within the pore space, and the porous rock can be treated as saturated with a homogeneous fluid mixture. In this situation, the effective bulk modulus of rock-fluid composite is generally determined by using well-known Gassmann poroelastic formula (Gassmann 1951) in which the bulk modulus of two-phase fluid K f is estimated by Wood's volume average equation (Wood 1941) . For Wood's averaging method two underlying assumptions must hold; (1) fluid phases must be distributed homogeneously within pore space and (2) liquid and gas phases are unrelaxed (Khalid et al. 2014b ). The assumption 1 means that both phases are distributed in the form of very small patches such that the length of these patches is smaller than the wavelength of the propagating seismic waves or the frequency of the waves is very low. However, for larger patches or higher frequency of propagating waves, both phases do not have enough time to re-equilibrate the wave induced fluid flow, thus cause a velocity dispersion and attenuation much different than in case of homogenous saturation. In this situation, the Gassmann's model is applied on individual patch to calculate its saturated bulk modulus. Hill's formula (Hill 1963) can be used in combination of Gassmann's formula to determine the overall saturated bulk modulus K Ã GH . The aim of this research work is to asses seismic properties of clastic sands of Mississauga Formation by considering homogeneous and patchy fluid saturation pattern. We also have analyzed how the change in seismic parameters at shale/brine sand, shale/oil sand and shale/gas sand interface control the variation in reflection amplitudes which is further used to discriminate hydrocarbon fluids. Finally the effect of physical properties of reservoir rock like porosity, clay content etc. on acoustic signature is also estimated.
Quantitative work flow for rock physics analysis
Rock physics quantify the effect of physical properties of reservoir rocks on seismic properties when P and S waves physically pass through rocks and establish a link between compressional wave (V P ), shear wave (V S ) and bulk density (q b ) to the compressibility, rigidity, porosity, permeability, pore fluid type and saturation, saturation pattern, formation temperature and pressure. To develop a link between seismic and elastic parameters with physical properties of reservoir rock, we have performed fluid substitution modeling (FSM), which is an important part of rock physics analysis. The complete algorithm of FSM is described below.
Formulation of fluid substitution modeling (FSM)
For low frequency seismic modeling of reservoir rock, the Gassmann's (1951) poroelastic model is frequently used to demonstrate the link among effective bulk modulus of fluid saturated rock (K * ), bulk modulus of solid matrix (K o ), drained rock (K d ), and to the adiabatic modulus of pore filled fluids (K f ). We adopted this poroelastic model for an isotropic and homogeneous clastic reservoir whose properties are given in Table 1 . Mavko et al. (2009) represented the Gassmann's relation in the following form as
where / is the reservoir porosity. Since, the effective shear modulus (G * ) is not affected by the nature and amount of pore fluids, therefore Gassmann's model assumes G * = G d , where G d is the shear modulus of rock frame. The K f of saturating fluids mixture is determined by using Wood's average relation (Wood 1941) . This method deals the mixture of fluids (e.g. liquid or gas) as two separate phases; hence K f is taken as the iso-stress average of the phase modulus by the volume fraction.
Here K w and K hyd are the adiabatic bulk moduli and S w and S hyd are the volume fractions of water (may be brine) and hydrocarbons (oil or gas) phases respectively. The bulk modulus oil, gas and brine are computed using the empirical relations proposed by Batzle and Wang (1992) . Seismic velocities in reservoir rocks do not depend only on the saturation but also on the spatial distribution of fluid phases e.g. saturation pattern. A problem with Gassmann-Wood (GW) approach is that, it only valid if fluid phases (in case of mixed phase) are uniformly distributed at small scale but in contrast if the saturation is patchy over large scale the above approach fails to model the exact seismic response at the passage of seismic waves (Mavko and Mukerji 1998; Khalid et al. 2014a ).
So to model the effect of heterogeneous (patchy) distribution of fluid phases in reservoir rock on seismic properties Gassmann-Hill (GH) model (Hill 1963 ) is used.
The above equation is also known as Gassmann-Hill (GH) approach used to calculate the K * when the distribution pattern in reservoir rock is patchy. However the incompressibility of fluids can also be computed using Voigt (1910) , Reuss (1929) and Hill (1963) . The comparison of these methods is also made and discussed in Sect. 3.1. The aim of FSM is to compute seismic response (velocities) and bulk density at reservoir conditions like temperature, pressure, mineralogy, salinity content, porosity and pore fluids saturation (brine, oil or gas). Seismic velocities can be calculated using known muduli and bulk density as
where the bulk density of saturated rock as a function of porosity, fluid (q f ) and matrix density densities (q o ) is given
whereas,
Here S and q are the saturation and density of the fluid phase represented by sub index i and N is the total number of fluid phases. The above described relations are used to compute the effect of pore fluids on seismic response where various input parameters (e.g. drained bulk and shear moduli, bulk modulus of rock forming minerals, grains and fluid density, porosity etc.) are mandatory. These inputs are mostly measured in lab, but in case of nonavailability of lab measurements can be derived from logs data or be calculated via empirical relationships. For example / can be computed from sonic or density logs. Similarly several numerical relations are available to estimate the drain rock modulus (Zhu and McMechan 1990; Murphy et al. 1993; Zinszner and Pellerin 2007) . In the present FSM we have used the Murphy et al. (1993) 's relation:
For the reservoir rock under investigation the average value of K d is about 14.28 GPa. To calculate the modulus of rock forming minerals, we must have knowledge about the mineral composition of rock, which is found from the laboratory measurements of core plugs or volume of clay can estimated from gamma ray log and remaining will be considered as quartz in case of clastic sedimentary rocks. Once the rock composition is known, K o is determined by using Voigt-Reuss-Hill (VRH) averaging (Hill 1952) . For two phases it can be written as
whereas the f and M are the volume fraction and bulk modulus of rock forming minerals.
To model the effect of pore fluid saturation and spatial distribution on angle dependent reflectivity, we have computed the reflection coefficients as function incident angle by using exact Zoeppritz equation (1919) and then transferred these coefficients to K-tron X-works seismic modeling engine using OIL script (Khan et al. 2010) . Common depth point (CDP) gathers are produced by convolving these offset dependent reflection coefficients with Ricker wavelet.
Results
The above described fluid substitution model is applied on hydrocarbon bearing clastic silicate reservoir named Mississauga Formation of Early Cretaceous age widely present in Sable Basin of Canada. The reservoir rock is mainly composed of quartz (about 65-75 %), feldspar (10 %) and having volume of clay about 20-30 %. The mineralogical composition of reservoir sandstone is estimated by using wireline logs data (gamma ray log). The petrophysical evaluations of reservoir sand (Khalid et al. 2014b; Ahmed et al. 2014) indicate that it has good range of average porosity (*0.21) and permeability (*700 millidarcy) and show very clear deviation on gamma ray log at shale-sand interface (sands have gamma ray \60 API). The hydrocarbons found in the study area are characterized by light oil having API gravity 47.6-54.1 and gas have specific gravity about 0.6, while the average water saturation (S w ) in the reservoir is 34 % and the remaining are the hydrocarbon fluids.
A complete set of wireline logs of well L-30 is available and used to extract the petrophysical parameters which are used further in rock physics modeling. FSM has been performed in the reservoir depth interval 2,638-2,662 m.
Effect of fluid saturation and pattern on seismic response
One of the most essential and primary objective of rock physics modeling is to analyze the sensitivity of acoustic signature to pore fluids types, their saturation and distribution pattern as well. To map the effect of pore fluid type and saturation pattern on seismic properties in petroleum reservoirs, seismic data must be able to resolve incompressibility contrast among various reservoir fluids. Different reservoir fluids like oil, gas and brine have different compressibility (inverse of incompressibility). Since elastic and seismic properties of a saturated or partially-saturated reservoir are direct image of the pore fluid properties, therefore first we have analyzed fluid properties. In the Fig. 1a and b the bulk modulus of gas and oil calculated via different empirical relations such as Voigt (K V ), Reuss (K R ), Wood (K W ) and Hill (K VRH ) are plotted respectively. It is clear from figures that brine has higher bulk modulus as compare to oil and gas therefore the bulk modulus of fluids decreases as saturation of brine reduces. This decrease is much higher in case of gas/water as compare to oil/water. K V marked the upper bond and K W or K R marked the lower bond of the bulk modulus of fluid mixtures. In case of mono phase fluids all empirical relations give same results. The Reuss method is also called iso-stress average that's why gives the similar results like Wood average method (Fig. 1a, b) . While the Hill method is simply the arithmetic sum of Voigt and Reuss K f . In Fig. 1c the effective bulk moduli computed via Gassmann-Wood (GW) (Eq. 2) and Gassmann-Hill (GH) (Eq. 3) at in situ conditions when reservoir is partially-saturated with oil or gas are plotted. The effective bulk moduli of partially-saturated rock follow the same trend as of fluids only with a difference of magnitude. The relation between saturated bulk modulus is developed at constant temperature, pressure, porosity (21 %) and average clay content (20 %). However, in case of patchy saturation saturated bulk modulus is higher as compared to homogeneous saturation which presents the upper bounds (Fig. 1c) . In Fig. 1d fluid and bulk densities (q f and q b respectively) for both oil and gas cases are plotted. As the hydrocarbon fluids replace brine q f and q b are decrease, it is because the hydrocarbon fluids (oil and gas) have lower densities as compared to brine. When same fluid is substituted in reservoir rock to find out the bulk density as a function of fluid saturation, the similar trend (like q f ) is followed (Fig. 1d) .
The seismic velocities are directly linked to the saturated rock bulk modulus, shear modulus and bulk density (Eqs. 4 and 5). P-wave velocity as a function of water saturation Fig. 1 Effect of fluid saturation patterns (homogeneous and patchy) on a bulk modulus of gas/water, b bulk modulus of oil/water, c effective bulk modulus of porous sand whose properties are given in Table 1 partially-saturated either with gas or oil, d density of gas, oil and bulk density of gas or oil saturated sand corresponding to homogeneous and patchy saturation for both oil and gas cases are presented in Fig. 2a . In case of patchy saturation compressional wave velocity is 20-40 % higher than that of homogeneous pattern. For heterogeneous distribution V P decreases linearly as hydrocarbon fluids replace the brine but in case of homogeneous (GW) pattern, small quantity (10 %) of gas dissolved in formation water drops the V P noticeably because of dramatic decrease in bulk modulus (Fig. 2a) . Additional amount of gas does not decrease V P because the further change in K * is slight, but V P starts increase steadily when the effect of the drop off in the bulk density of reservoir exceeds the effect of the decrease in the K * . On the other hand in reservoir rock fluids do not have any effect on G * and q b reduces gradually with hydrocarbons saturation which leads to be progressive increase in V S with hydrocarbon saturation (Fig. 2b) . Hydrocarbon saturation causes V P to decrease while the V S increases which leads to decrease in V P /V S ratio when reservoir is fully saturated with gas as shown in Fig. 2c . Due to this reason V P /V S ratio is one of the best indicators used to discriminate the formation fluids (especially gas reservoirs) and lithologies. V P /V S ratio is always lower if fluid phases are homogeneously distributed because of lower compressional velocity in homogeneous case. Figure 2d describes the spatial trend of acoustic impedance (I P ) to pore fluid types and saturations for both GW and GH approaches. The decrease in V P and q b result the drop off I P for petroleum reservoirs saturated with oil or gas as compared to non-hydrocarbon fluids (water or brine). However the decrease in impedances for gas is more as compared to oil saturated rocks. Acoustic impedance response to distribution pattern is very resembling to V P ; it is higher in case of patchy saturation pattern as compared to homogeneous. Fig. 2 Effect of fluid saturation patterns (homogeneous or partially) on a P-wave velocity of sand reservoir partially-saturated with gas and oil, b S-wave velocity, c P and S wave velocity ratio and d acoustic impedance. The properties of sand reservoir are given in Table 1 Acta Geod Geophys (2016) 51:1-13 7 3.2 Effect of fluid saturation and distribution pattern on angle dependent reflectivity Seismic response to the pore fluid type, saturation and distribution pattern is the key factor to understand the behavior of reflection amplitudes as a function angles (AVA), which is widely used to discriminate the reservoir fluids. The angle dependent reflectivity is the function of three fundamental properties of reservoir rock: V P , V S and q b , which are (except V S ) directly analogous to fluid properties (as discussed in previous section). Due to this analogy the change in V P , V S and q b result the variation in amplitude reflectivity with the change in incident angles at reservoir interface. The effect of fluids (oil, gas and brine), their saturation and homogeneous and patchy saturation pattern on reflection amplitudes at reservoir zone of Mississauga sand with upper shale are plotted up to 35°in Fig. 3a . The reflection coefficients at 0°incident angle are high (negative intercept) and its magnitude decreases with angles (positive gradient). The reservoir sand has lower seismic velocities and densities as compared to encasing shale thus have low impedance. The magnitude of coefficients is higher when the reservoir is fully saturated with gas as compare to oil and brine, while the brine has low than that of oil. Since the water saturation in reservoir zone is 34 % so the reflection coefficients for homogeneous (GW) and patchy (GH) distribution for gas at saturation (S w * 34 %, S g * 66 %) and oil (S w * 34 %, S o * 66 %) are also plotted in Fig. 3a . the amplitudes in case of patchy saturation (for both cases water/gas and water/oil) are lower in comparison to homogeneous for both oil and gas case. Fig. 3 a Angle dependent reflection coefficients of P-waves for sand reservoir saturated with brine or partially-saturated with oil and gas under patchy and homogenous saturation. b Angle dependent synthetic seismograms showing seismic response from sand reservoir saturated with brine and gas or partiallysaturated with either brine or gas at different saturation under patchy and homogenous saturation pattern
The reflection amplitudes for water/gas (in both case e.g. GW and GH) are highly negative as compared to oil (for both distribution patterns: GW and GH) In Fig. 3b , the synthetic CDP AVA models for single and binary phase fluids when they mixed uniformly (GW) with each other at small scale and in contrast when fully saturated patches are surrounded by dry regions (GH). The amplitudes are decreasing with angles and are higher when the rock is fully saturated with gas as compared to oil and brine cases. However the amplitudes are lower when multiple fluids have patchy distribution in comparison to uniform pattern. 3.3 Porosity effects on elastic moduli and seismic properties Rock physics diagnostic is an important tool which is widely used to explain the link between porosity and seismic parameters. However the porosity of rocks depends on the local digenesis e.g. non-contact and contact cementation which tends to reduce in pore volume. Elastic moduli depend on the reservoir porosity, as the porosity increases the elastic moduli become lower. In Fig. 4a , K d and K * are plotted against porosity. At lower porosity both K d and K * have same values and fluid effect on bulk modulus cannot be analyzed. But as porosity increases K * starts to deviate from K d which also presents during Gassmann FSM, to analyze the fluids effect on elastic moduli and seismic signature reservoir rock should have high porosity. Similar trend can be observed in Fig. 4b which shows that bulk density reservoir is also strongly dependent on porosity. High porous media tends to lower the bulk density. The compression and shear wave velocities are also function of elastic moduli and bulk density that's why the change in porosity results variations in seismic signature also. Figure 4c demonstrates that a higher pore ratio result to decrease the seismic velocities and hence consequently acoustic (I P ) and shear impedance (I S ) also become lower (Fig. 4d) . Because both acoustic and shear impedances are the scalar product of velocities (V P and V S respectively) and density. But both velocities and impedances followed the same decreasing trend as a function of porosity. Sometimes Fig. 4 Effects of reservoir porosity on a elastic moduli, b bulk density, c P and S wave velocities and d acoustic and shear impedances at reservoir conditions in the study area velocity or impedance-porosity relation becomes more complicated because the velocity also depends pore shape. Rocks having low porosity with flat pores may have lower seismic signature than those having spherical pores with high porosity (Kuster and Toksoz 1974) . So it needs to establish a porosity-velocity relation for each facies in reservoir because sedimentary rocks present a wide range pores.
Effect of clay content on acoustic parameters
The presence of clay content in reservoir rock has significant effect on the elastic and plastic characteristic of reservoir rocks. In Fig. 5a , the mineral and bulk density (q o and q b respectively) are plotted against volume fraction of clay. Mineral density of clay is about 2.58 gm/cm 3 , as clay fraction replaces quartz (having density about 2.65 gm/cm 3 ) both mineral and bulk density decreases (Fig. 5a ). The saturated rock bulk modulus relates the clay content in a very similar manner as porosity. Clays always have lower elastic moduli as compared to quartz. That's why an increase in volume fraction of clay contents results to reduce the K * as demonstrated in Fig. 5b . On the other hand at 100 % quartz (0 % clay) K * has higher values. Clays also have low bulk modulus as compared to quartz which leads to be reduce the seismic velocities (V P and V S ) and impedances (I P and I S ) as can be Fig. 5c and d. The trend of spatial variation in the seismic velocities and impedances as a function of shaliness is very similar (Fig. 5d ).
Conclusions
Seismic properties of fluid saturated or partially-saturated porous rocks are affected in complicated way by several factors, such as rock forming minerals composition, porosity, fluid type, saturation, distribution pattern, elastic moduli, hydrocarbon properties like API gravity of oils, GOR etc. Mostly these factors are interlinked in such a way that when one factor changes it may results to change many others. Consequently, examining the effect of change in one constraint and keeping others constant becomes very important in understanding the application of rock physics to seismic interpretations. The seismic velocities are very sensitive to pore fluid type and saturation depends the compressibility of fluids. The more compressible fluids like gas have low compressional velocity and vice versa. Similarly in case of patchy saturation seismic velocities are higher as compared to uniform saturation. The acoustic velocities in light oil saturated rocks having high API gravities (high GOR) are always lower at same reservoir conditions. The gas saturated reservoir have high impedance contrasts, so high reflection amplitudes which leads the emerging possibility of differentiating the brine saturated reservoirs from hydrocarbon containing rocks. Rocks with high porosity and clay contents have lower elastic moduli, hence have low acoustic velocities.
